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Summary 
To quantify the energy balance above a lysimeter without disturbance of the measured 
air volume itself, the applicability of an acoustic-meteorological measurement method 
is numerically investigated. Several sound paths between transmitters and receivers 
around the lysimeter border an air volume (‚acoustic chamber’) to determine the inte-
raction between the ground surface and the environment with remote sensing. 
This study is focused on the sensitivity of the acoustically derived air temperature and 
wind vector values. To describe the uncertainty of these quantities outgoing from the 
uncertainty of the acoustic travel time, several effects on the sound propagation, e.g. 
air absorption, ground reflection, and atmospheric refraction are studied. 
Based on the wind and temperature data at several height levels, momentum and heat 
fluxes can be derived which are important for the energy exchange above the lysimeter 
surface. First results of the achievable accuracy for the fluxes are summarized in the 
study using a numerical model of the atmospheric boundary layer. 
 
Zusammenfassung 
Um die Energiebilanz oberhalb eines Lysimeters ohne Störung des Messvolumens zu 
quantifizieren, wird die Anwendbarkeit einer akustisch-meteorologischen Messmetho-
de numerisch untersucht. Verschiedene Schallpfade zwischen Sendern und Empfän-
gern, die um das Lysimeter platziert sind, begrenzen ein Luftvolumen (‚akustische 
Kammer‘), welches fernsondiert wird. Damit wird die Wechselwirkung zwischen Bo-
denoberfläche und Umgebung bestimmt. 
Im Mittelpunkt der vorliegenden Studie steht die Sensitivität der akustisch bestimmten 
Werte der Lufttemperatur und des Windvektors. Um die Unsicherheit dieser Größen 
ausgehend von der Unsicherheit einer akustischen Laufzeitbestimmung zu beschrei-
ben, werden verschiedene Schallausbreitungseffekte, z.B. Luftabsorption, Bodenrefle-
xion, Schallbrechung, untersucht. 
Ausgehend von Wind- und Temperaturdaten in verschiedenen Höhen können Impuls- 
und Wärmeflüsse abgeleitet werden, die für den Energieaustausch oberhalb eines 
Lysimeters von Bedeutung sind. Erste Ergebnisse zur erreichbaren Genauigkeit der 
Flüsse werden in dieser Studie unter Nutzung eines numerischen Modells der atmo-
sphärischen Grenzschicht zusammengefasst. 
 
1 Introduction 
The measurement of the evaporation at the surface is still an important problem for 
several applications in meteorology, agricultural science or hydrology. One direct 
measurement method is the lysimeter technique (e.g. DVWK, 1996). An advantage of 
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a lysimeter is that an adequate measurement of the evaporation is possible using a very 
small ground surface in comparison to indirect micrometeorological methods. On the 
other hand, there are no general applicable methods to quantify the total energy and 
gas exchange at the top of a lysimeter. At present the ground surface of a lysimeter is 
mostly assembled with sensors and covered with chambers which influence the air 
flow and the exchange between the lysimeter and the environment (see e.g. Balogh et 
al., 2007). Otherwise, micrometeorological measurement stations at a distance of de-
cameters are used as a further standard method to describe the energy exchange above 
lysimeters. The relation between the air flow near the surface of the lysimeter and the 
micrometeorological measurements is however problematic. In contrast to that, remote 
sensing techniques do not disturb the sensed air flow and are able to measure contact-
less, without inertia, and without radiation influence. One possibility is the application 
of an acoustic measurement system which spans a net of sound paths over the lysime-
ter surface and gets information about the air flow near the surface. The acoustic paths 
control and sense an air volume where the energy and gas exchange between the lysi-
meter and the environment takes place and which is here named as ‚acoustic chamber’ 
in accordance to the conventional chamber measurements for gas exchange between 
the soil surface and the environment . 
The focus of this study lies on the acoustic measurement of meteorological quantities, 
air temperature and wind vector (see chapter 2). To describe the uncertainty and signi-
ficance of these measurements theoretically, several effects on the sound propagation 
have to be studied (chapter 3). Outgoing from the temperature and wind measurements 
at several height levels it is possible to derive further meteorological quantities, like 
fluxes, which are important for the energy and gas exchange above the lysimeter sur-
face. In chapters 4 and 5 first results of the investigated uncertainty for momentum and 
heat flux are summarized applying an atmospheric boundary layer model. 
 
2 Acoustic temperature and wind measurement 
2.1 Measurement of the acoustic travel time 
For the purpose of acoustic chamber (Fig. 1) measurements we will use line-averaged 
acoustic travel-time measurements where the sound speed along a defined propagation 
path can be determined by measuring the travel time of an acoustic signal. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Top view on the acoustic cham-
ber with 8 measurement places 
(T…transmitter, R…receiver) for the 
acoustic travel time along 28 sound 
paths (black lines between the mea-
surement places). 
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Thereby we are using transmitters and receivers working with an ultrasonic frequency 
of 40 kHz. A short sine wave-form signal is sent by the transmitter. This signal is rec-
orded by the receiver after a distinct travel time which depends on the sound speed and 
the transmitter-receiver distance. The application of this technique to measure meteo-
rological quantities is possible because the sound speed ܿ௖௘௙௙ and therewith the travel 
time of an acoustic signal is a function of temperature and the wind vector (e.g. Zie-
mann et al., 1999). 
To derive meteorological data outgoing from measurements of the sound propagation 
between an acoustic transmitter and receiver it is necessary to separate the coupled in-
fluences on the effective sound speed, i.e. the influences of acoustic virtual tempera-
ture and wind vector. Several separation methods are possible (Ziemann et al, 1999; 
Arnold, 2000). If the approximation of straight sound rays is applicable (see section 
3.3) then the use of reciprocal sound propagation is the simplest and most certain me-
thod. Analogous to an ultrasonic anemometer (Schotanus et al, 1983; Kaimal and 
Gaynor, 1991) the line-averaged wind component along one sound propagation path as 
well as the temperature-dependent adiabatic sound speed were determined if the travel 
time will be measured along one and the same path in the downwind direction (߬ௗ௢௪௡) 
and in the upwind direction (߬௨௣): 
ܿ௘௙௙೏೚ೢ೙ = ௗఛ೏೚ೢ೙ = ඥߛௗ௥௬ܴௗ௥௬ ௔ܶ௩ + ݒ௥௔௬	,	          (1) 
ܿ௘௙௙ೠ೛ = ௗఛೠ೛ = ඥߛௗ௥௬ܴௗ௥௬ ௔ܶ௩ − ݒ௥௔௬	           (2) 
with the transmitter-receiver distance	݀, the wind component along the sound path 
ݒ௥௔௬, the acoustic virtual temperature ௔ܶ௩, the adiabatic exponent of dry air ߛௗ௥௬, the 
specific gas constant for dry air ܴௗ௥௬. The acoustic virtual temperature includes the in-
fluence of specific humidity ݍ on the sound speed: 
௔ܶ௩ = ܶ(1 + 0.513ݍ)             (3) 
The acoustic travel times are measured at one height level at 8 places. Each measure-
ment place contains one transmitter and one receiver. 56 travel time measurements re-
sult at each layer, but with the reciprocal sound propagation analysis there are 28 line-
averaged temperature and wind measurements in different directions (see Fig. 1). 
 
2.2 Calculation of line-averaged temperature and wind component 
According to the analysis of acoustic measurements of ultrasonic anemometers the 
travel time data are recalculated together with a known distance between the transmit-
ters and the receivers ݀ into meteorological data (e.g. Kaimal and Gaynor, 1991): 
Acoustic virtual temperature ඥ ௔ܶ௩ = ௗଶඥఊ೟ೝோ೟ೝ ൬
ଵ
ఛ೏೚ೢ೙ +
ଵ
ఛೠ೛൰	,        (4) 
Wind component along the sound path 	ݒ௥௔௬ = ௗଶ ൬
ଵ
ఛ೏೚ೢ೙ −
ଵ
ఛೠ೛൰.       (5) 
Using wind components into two different directions the horizontal components of the 
wind vector can be calculated and therewith the horizontal wind vector. Because of the 
calculation of temperature and wind data along several sound paths one can obtain an 
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estimation of the horizontal homogeneity of the meteorological fields and possible in-
homogeneity influences on the energy balance of the underlying surface. 
 
2.3 Uncertainty of temperature and wind measurements 
To test the sensitivity of the acoustic temperature and wind measurements, the (max-
imal) uncertainty was calculated as following. Assuming that the travel time measure-
ments were carried out outgoing from a known initial state it is possible to eliminate 
errors of the distance measurement between transmitters and receivers. In this case the 
uncertainty of the meteorological data is only dependent on the travel time error ∆߬ 
(especially the digitalization error depending on the signal frequency, 40 kHz and digi-
talization frequency, 100 kHz at the moment). If one further assumes that the travel 
time error along the downwind direction is equal to the error in the upwind direction, 
the following uncertainties result: 
∆ ௔ܶ௩ = 2ට ்ೌ ೡఊ೟ೝோ೟ೝ ∆߬ ቀ
(ఊ೟ೝோ೟ೝ்ೌ ೡ)ା௩ೝೌ೤²
ௗ ቁ  and          (6) 
∆ݒ௥௔௬ = ∆߬ ቀ(ఊ೟ೝோ೟ೝ்ೌ ೡ)ା௩ೝೌ೤²ௗ ቁ.            (7) 
The uncertainty of the acoustic virtual temperature is greater, by a roughly constant 
factor, than that one for the wind component (see Fig. 2). 
Acoustic measurements of the temperature, provided along a typical acoustic path 
length of 1 m through the acoustic chamber volume, results in a temperature uncertain-
ty of about 0.5 K for a travel time uncertainty of 2.5 µs at present (Fig. 2, left side). If 
this single travel time measurement will be repeated n-times, than the uncertainty of 
the measurements decreases by the factor ଵ√௡ (Fig. 2, right side).  
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Fig. 2: Temperature and wind uncertainties depending on the sound path length. 
Left: instantaneous measurements without averaging, right: with averaging over a dis-
tinct number of measurements (travel time error of 2.5 µs for a single measurement). 
 
3 Influences on the acoustic measurement and meteorological analysis 
3.1 Air absorption 
In the used ultrasonic frequency range around 40 kHz the strongly frequency-
dependent influence of atmospheric sound absorption must be investigated. The air ab-
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sorption could be divided into the classical absorption because of air viscosity and heat 
conduction and the molecular absorption because of relaxation processes of nitrogen 
and oxygen molecules during the sound propagation (see Salomons, 2001). The result-
ing absorption coefficient depends, besides the frequency, on the air temperature and 
humidity and leads always to a decreased sound level dependent on the transmitter-
receiver-distance. The absorption coefficient amounts, for a sound frequency of 
40 kHz, to 1.2-1.3 dB/m for an air temperature of 20°C and a range of 40-80% for the 
relative humidity. If the spatial divergence of spherical waves will be included in the 
calculation, then the sound attenuation amounts to about 20 dB already for a sound 
path of 2 m. From this it can be concluded, that the applied sound frequency of 40 kHz 
permits only short sound path lengths of a few meters. 
Additionally to these two effects there are effects of ground reflected sound paths and 
meteorological effects (e.g. refraction) which may lead to sound attenuation.  
 
3.2 Ground reflection 
In the case of sound propagation near the surface the effect of sound reflection at the 
ground has to be considered. The received sound signal is made up of two parts, first 
the direct sound wave travelling through the atmosphere, second the reflected sound 
wave. Interference effects result under the assumption of coherence of the direct and 
reflected wave and depend on the acoustic ground surface properties as well as the 
phase difference between the two waves. Constructive interference appears for a rigid 
ground (reflection coefficient is equal to 1) and similar path lengths of the direct and 
the reflected sound wave. Destructive interference occurs e.g. for a grazing incidence, 
that means a marginal sensor height in comparison to the transmitter-receiver distance. 
Consequently, the sound level decreases (theoretically an infinitely high attenuation is 
possible) or increases (by maximally 6 dB) in comparison to an unbounded sound 
propagation (e.g. Salomons, 2001).  
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Fig. 3: Relative sound level 
(in comparison to an un-
bounded sound propagation) 
for an ultrasound frequency 
of 40 kHz, a sound propaga-
tion over a grassland surface, 
and several heights of 
transmitters and receivers 
(both at the same height) 
above the ground. 
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In Fig. 3 this relative sound level is displayed for a sound frequency of 40 kHz de-
pending on the transmitter-receiver distance and the height of the acoustic sensors. 
Thereby an one-parameter model of Delany and Bazley (1970) was applied to calcu-
late the reflection factor similar to recently used sound propagation models (e.g., Liho-
reau et al., 2006, Ziemann et al., 2007). An absorbing ground (acoustically soft) was 
assumed, in this special case a grassland site. 
The ground influence increases with a decreasing height of the sensors above the 
ground surface. Furthermore, the amount of the relative sound level and therewith the 
ground effect increases with an increasing transmitter-receiver-distance. If the height 
of the sensors is only 20 cm above the ground, the maximal sound attenuation amounts 
to 6.5 dB for a distance of 1.55 m. Otherwise, the sound level may be enhanced by 
3.5 dB for a distance of 1.4 m. If transmitter and receiver are installed at greater 
heights above surface, the amount of sound attenuation decreases and is negligible for 
heights of 50 cm and more for the investigated sound frequency. 
Because of transmitting of short pulses it will be possible that not any interference ef-
fect will occur, but rather consecutive signals of the direct and the reflected waves de-
pending on the path length difference between the two waves. The temporal difference 
between these signals amounts, for a small sensor height of 20 cm above the ground 
surface, to about 0.15 ms. This value lies within the range of the signal length 
(0.125 ms at present), the direct and the reflected wave could interference with each 
other resulting in a positive or negative sound level attenuation (see Fig. 3). If the 
height of the transmitter and receiver increases, the time interval between the direct 
and the reflected wave increases too. The two signals will then be clearly distinguisha-
ble at the receiver. 
 
3.3 Atmospheric refraction 
The assumption of a reciprocal sound propagation, which means along approximately 
straight ray paths between a transmitter and a receiver, permits the explicit separation 
between the two meteorological influences (temperature and wind) on the acoustic tra-
vel-time measurement. It remains to investigate, if the atmospheric refraction due to 
vertical temperature and wind gradients significantly influences the sound paths.  
For this purpose a numerical model of the atmospheric boundary layer, HIRVAC 
(HIgh Resolution Vegetation Atmosphere Coupler), was used to calculate realistically 
vertical gradients of meteorological quantities for several situations (seasons and times 
of the day) over a homogeneous grassland site. The one-dimensional model version of 
HIRVAC was applied here, which was developed in the previous years (Mix et al., 
1994), including a vegetation and soil module (Ziemann, 1998), validated and applied 
for several questions with regard to ground-vegetation-interactions (Goldberg und 
Bernhofer, 2001; Baums et al., 2004). HIRVAC solves the prognostic equations for 
momentum, heat, and moisture at 120 height levels through the atmospheric boundary 
layer. The set of equations is closed using an assumption for the turbulent diffusion 
coefficient combined with the solution of the equation for the turbulent kinetic energy. 
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Only positive gradients of the effective sound speed result for a downwind sound 
propagation for all modeled seasons and day times. This leads to a downward refrac-
tion of the sound rays due to the stratified atmosphere. 
If one assumes that the curved sound rays can be approximated by arcs of a circle than 
it is possible to simply calculate the differences of the ray path lengths as well as the 
travel times between the straight-line and the curvilinear sound propagation (smaller 
travel time according to Fermat’s principle) only using geometrical relations. The 
greatest differences can be awaited for maximal sound speed gradients which lead to a 
minimal radius of the curved sound ray. Such conditions could be found on the model 
day 15th January during the morning and evening hours and for sensor’s height of only 
20 cm above the ground surface (see Fig. 4). The maximally calculated sound speed 
gradient of about 5.6 m/(s⋅m) is caused by the strong temperature inversion together 
with the strong positive wind speed gradient near the ground surface. For an almost 
horizontal sound emission a maximal travel time difference of about 0.3 µs results for 
a transmitter-receiver-distance of 1.6 m. Even this maximal difference is one magni-
tude smaller than the measurement accuracy of the travel time (2.5 µs at present). It 
can be concluded that for downwind conditions the assumption of reciprocal sound 
propagation is applicable. 
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Only negative gradients of the effective sound speed result for an upwind sound prop-
agation for all simulated seasons and day times. This leads to an upward refraction of 
the sound rays due to the stratified atmosphere. Strictly speaking, no sound signal 
could be received by a point-shaped receiver for such conditions and neglecting effects 
of turbulent scattering. If one considers the extension of the receiver (about 2 cm) than 
it will be possible, that a signal can be received if the height difference between the 
curved sound ray near the receiver position and the receiver position itself is very 
small (in our case smaller than about 2 cm). The greatest height differences can be 
awaited again for maximal amounts of sound speed gradients. Figure 5 demonstrates 
such a case on the 15th July and again for small sensor heights above the ground. 
Fig. 4: Travel-time difference 
between the straight-line and 
the curved sound path for a 
downwind sound propagation 
at several times during a day 
for a transmitter and receiver 
height of 20 cm (meteorologi-
cal data from HIRVAC simula-
tion on 15th January over grass-
land without clouds). The 
graphs at 4 and 16 o’clock are 
nearly identical. 
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The maximally calculated amount of the sound speed gradient of about 12.7 m/(s⋅m) is 
caused by the strong temperature decrease with height about noon together with the 
strong negative wind speed gradient near the ground surface. 
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The maximal height difference occurs for the maximal transmitter-receiver distance 
and amounts to 4.7 cm. Only up to distance of 1 m it can be awaited that the refraction 
effect in the upwind direction never influences the measurements. If measurements 
with acoustic sensors at greater height levels (> 50 cm) will be carried out, than the re-
fraction effect decreases significantly for the investigated transmitter-receiver dis-
tances. 
 
4 Derivation of further meteorological quantities 
4.1 Calculation of momentum and sensible heat fluxes 
The measurements of temperature and wind vector inside the acoustic-chamber vo-
lume will be carried out along several sound paths at two height levels. Using these 
measurements at several heights, vertical temperature and wind gradients can be calcu-
lated and following turbulent momentum and heat fluxes applying the profile method 
(see e.g. Foken, 2006). At first, the applicability of the acoustic measurements to de-
rive relevant vertical gradients of meteorological quantities should be proven. For that 
purpose the atmospheric boundary layer model HIRVAC was applied again to simu-
late typical temperature and wind speed profiles for several seasons and daytimes over 
a grassland site. 
The model simulations show the expected result, that the vertical gradients of tempera-
ture and wind speed decreases significantly with increasing height levels (here consi-
dered: 0.2 m, 0.5 m, 0.7 m, 1.0 m). Furthermore, maximal gradients can be anticipated 
in the summer season and during cloudless conditions. These vertical temperature and 
wind speed differences (height layers: 0.5 m–0.2 m, 0.7 m–0.2 m, 1.0 m– 0.2 m) are 
now compared with the uncertainty of the acoustic measurement to prove the signific-
ance of the method. The results of this comparison demonstrate (here not shown) the 
Fig. 5: Height difference be-
tween the straight-line and the 
curved sound path for an up-
wind sound propagation at sev-
eral times during a day for a 
transmitter and receiver height 
of 20 cm (meteorological data 
from HIRVAC simulation on 
15th July over grassland without 
clouds). 
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general applicability for wind speed measurements along sound path lengths of 0.6 m–
1.6 m, because the minimal vertical wind differences (0.65 m/s for height layer 0.5 m–
0.2 m) are larger than the uncertainty of the wind measurement along one single sound 
path without temporal averaging and for a travel time error of 2.5 µs (see Fig. 2). In 
contrast to that, the uncertainty of temperature measurements is significantly greater 
than that one for the wind speed. Therefore, the requirements for the acoustic travel 
time uncertainty together with the minimally possible sound path length are noticeably 
higher. Typical temperature differences for the height layer 0.5 m–0.2 m amount to 
0.2 K during the winter season. Such small temperature differences are only detectable 
if sound path lengths greater than 1 m and an averaging over at least 20 single mea-
surements will be used. 
By means of the acoustically measured temperature and wind speed gradients it will be 
possible to derive turbulent fluxes of momentum and sensible heat. The basis for that 
is the profile method (flux-gradient-similarity), in our case a special profile method for 
two measurement heights, both above the ground surface (see for further information 
e.g. Richter and Skeib, 1984, Foken, 2006). Presuppositions for the applicability of 
this method are: a high measurement repetition rate, a homogeneous terrain with uni-
form fetch, a detectable difference of temperature and wind speed between the two 
height levels, a turbulent meteorological regime (wind speed at the second measure-
ment level > 1 m/s, wind speed difference between measurement levels > 0.3 m/s), a 
large ratio of measurements heights (preferably > 4). That means for our application of 
the profile method, that outgoing from a first measurement height of 20 cm the second 
measurement level should be situated at heights of 70 cm and greater. 
If both measurement heights are smaller than a critical height, similar to the height of 
the dynamical sub-layer (where the turbulent fluxes are independent on the atmospher-
ic stability), than simplified profile equations can be applied to calculate the friction 
velocity as measure of the momentum flux 
ݑ∗= ൫௨(௭మ)ି௨(௭భ)൯୪୬೥మ೥భ
    [m/s]             (8) 
as well as the sensible heat flux 
ܪ=-ߩܿ௣ ఈబ௨∗൫்(௭మ)ି்(௭భ)൯୪୬೥మ೥భ
    [W/m²]           (9) 
with the von-Kármán-constant κ = 0.4, the horizontal wind speed ݑ at the two height 
levels ݖଶ and ݖଵ, air density ߩ, inverse Prandtl-number α0 = 1.35, specific heat capacity 
for constant pressure cp = 1005 J/(kg K). 
The critical height was estimated to be higher than 1 m for all investigated seasons and 
daytimes (here not shown). So it is possible to apply equations (8) and (9) if both mea-
surement heights ݖଵ and ݖଶ are smaller than 1 m. 
Modeled temperature and wind speed values, which were simulated by HIRVAC, 
were used now to calculate the fluxes applying equations (8) and (9), see Fig. 6. 
Minimal and maximal values of the friction velocity and sensible heat flux results for 
the winter and summer season, respectively (Fig. 6). Please note, that the displayed 
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graphs represent only one possible scenario (for distinct values of upper and lower 
boundary conditions, e.g. geostrophic wind speed, soil moisture, vegetation canopy). 
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Fig. 6: Friction velocity (left) and sensible heat flux (right) resulting from modeled 
temperature and wind profiles and the flux-gradient-method for simulations over 
grassland on the 15th January (continuous line) and 15th July (dashed line), cloudless 
days. 
 
4.2 Uncertainty of momentum and sensible heat fluxes 
The uncertainties for the acoustic measurement of friction velocity (momentum flux) 
and sensible heat flux are estimated according to chapter 2.3. It is assumed that only 
the uncertainty of the travel time measurement and therewith the uncertainty of acous-
tically measured temperature and wind speed contributes to the uncertainty of flux de-
termination. From this it follows the uncertainty of friction velocity 
∆ݑ∗ = ቀቚ డ௨∗డ௨(௭మ)ቚ ∆ݑቁ + ቀቚ
డ௨∗
డ௨(௭భ)ቚ ∆ݑቁ = 2
∆௨
୪୬೥మ೥భ
        (10) 
with the wind speed error ∆ݑ according to equation (7) and the uncertainty of sensible 
heat flux 
∆ܪ = ቀቚ డுడ௨(௭మ)ቚ ∆ݑቁ + ቀቚ
డு
డ௨(௭భ)ቚ ∆ݑቁ + ቀቚ
డு
డ்(௭మ)ቚ ∆ܶቁ + ቀቚ
డு
డ்(௭భ)ቚ ∆ܶቁ =
2ߩܿ௣ ఈబ²ቀ୪୬೥మ೥భቁ²
(|ܶ(ݖଶ) − ܶ(ݖଵ)|∆ݑ + |ݑ(ݖଶ) − ݑ(ݖଵ)|∆ܶ)      (11) 
with the temperature error ∆ܶ according to equation (6). In the following figures (7 
and 8) the results of uncertainties for turbulent fluxes are exemplarily shown for two 
height differences: 0.5 m–0.2 m and 1.0 m–0.2 m and a travel time uncertainty of 
2.5 µs without averaging. This uncertainty decreases in the case of averaging over a 
distinct number of measurements (here: 20, 60, 100 measurement values). 
The investigations show, that an averaging over a number of measurements of minimal 
60 values is necessary to get an acceptable uncertainty of the fluxes. Then the uncer-
tainty of friction velocity amounts to about 0.03 m/s for longer sound paths (ca. 1 m) 
and lies therewith in an adequate range for fully developed turbulence (friction veloci-
ty > 0.3 m/s). 
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Fig. 7.: Uncertainty of the friction velocity for a measurement height difference of 
0.5 m–0.2 m (left) and 1.0 m–0.2 m (right). 
 
An enhancement of the significance of the measurements will be derived if the dis-
tance between the height levels increases (left and right picture in Fig. 7). Generally, 
the uncertainty decreases with an increasing sound path length. This results also for the 
uncertainty calculation of the sensible heat flux (Fig. 8).  
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Fig. 8.: Uncertainty (relative error) of the sensible heat flux for a measurement height 
difference of 0.5 m–0.2 m (left) and 1.0 m–0.2 m (right) on the 15th July (at noon). 
 
To estimate the maximal uncertainty during the vegetation period (planned application 
of the acoustic chamber measurement), maximal values of the wind speed as well as 
temperature differences between several heights were used to calculate the uncertainty 
of sensible heat flux (corresponding to maximal fluxes during the summer season at 
midday). Because of this dependence of the heat flux uncertainty on the vertical tem-
perature and wind difference, a relative error of the heat flux is calculated (see Fig. 8). 
The uncertainty of the sensible heat flux is decreasing with a larger height layer com-
parable to the result derived for the friction velocity (see Fig. 7), although there is a 
height dependency of the heat flux uncertainty both in the numerator and the denomi-
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nator (see Eq. 11). If the height difference between the two measurement levels in-
creases, the temperature and wind speed differences increases too. On the other hand 
the height ratio in the denominator also increases which leads to a decreased uncertain-
ty altogether. 
Please note that for a small uncertainty of the heat flux also a small temperature and 
wind speed difference between the height levels is desirable. But the minimal detecta-
ble wind speed and temperature difference depends on the achievable travel time un-
certainty and is therefore given by the properties of the acoustic measurement device 
(acoustic sensors, digitalization frequency…) itself. 
 
5 Conclusions 
For the purpose of studying the energy exchange above a lysimeter surface we will use 
line-averaged acoustic travel-time measurements. Together with further sensors these 
acoustic measurements record the mean and turbulent flow field in a volume over the 
whole surface of the lysimeter. The volume, in which the flow field is detected by the 
measurements, is here named ‘acoustic chamber’. 
To derive meteorological data outgoing from measurements of the sound propagation 
between acoustic transmitters and receivers it is necessary to separate the coupled 
temperature and wind influence on the measured effective sound speed. It was demon-
strated, that the simplest and most certain separating method of reciprocal sound prop-
agation is applicable for our measurement geometry with measurement heights greater 
than 20 cm and acoustic path lengths of about 1 m. 
Acoustic measurements of the temperature, provided along a typical acoustic path 
length of 1 m through the acoustic chamber volume, results in a temperature uncertain-
ty of about 0.5 K for an assumed travel-time uncertainty of 2.5 µs. The uncertainty for 
the acoustically measured wind speed is by a roughly constant factor smaller than that 
one for the temperature. So it results an uncertainty of a single wind measurement of 
about 0.3 m/s along an acoustic path length of 1 m. If this single travel-time measure-
ment will be repeated n-times, than the uncertainty of the temperature and wind mea-
surements decreases significantly. 
Additionally to the inherent uncertainty of acoustic travel-time measurements there are 
several possible effects, e.g. the sound absorption in air, the reflection of sound at the 
ground surface, and the sound refraction because of vertical temperature and wind 
gradients in the atmosphere near the ground, which are able to influence significantly 
the sound propagation. 
The effect of air absorption results always in a sound attenuation. Our study showed 
that sound signals with the applied sound frequency of 40 kHz permit only short sound 
path lengths of a few meters.  
Furthermore, the sound propagation near the ground surface leads to the effect of 
ground reflection of sound waves. It is possible that the sound level at the receiver in-
creases or decreases due to the interference of the direct and the reflected sound wave. 
If the height of the sensors is only 20 cm above the ground, the maximal sound attenu-
ation amounts to 6.5 dB for a distance of 1.55 m and a sound frequency of 40 kHz. 
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Otherwise, the sound level may be enhanced by 3.5 dB for a distance of 1.4 m. If 
transmitters and receivers are installed at greater heights above surface, the positive or 
negative sound attenuation decreases and is negligible for heights above 50 cm. If the 
height of the acoustic devices increases, the time interval between the direct and the 
reflected wave increases too and the two signals are then distinguishable at the receiv-
er. It is imaginable to use the reflected signal as an information source on the air layer 
nearest the ground surface. 
The effect of atmospheric refraction determines on one hand the applicability of the 
reciprocal sound propagation for downwind situations. It has been shown that also for 
strong vertical temperature and wind gradients near the ground surface the assumption 
of reciprocal sound propagation is applicable for the used measurement geometry with 
small sound path lengths of about 1 m. On the other hand, for upwind situations, the 
detectability of the sound signal is questionable. The results of this study demonstrate 
that the refraction effect in the upwind direction never influences the measurements at 
a height of 20 cm only for very small distances up to 1 m. If measurements with acous-
tic sensors at greater height levels (>50 cm) will be carried out, than the refraction ef-
fect decreases significantly and doesn’t play a role for the investigated transmitter-
receiver distances. 
If the certainty of the acoustically measured travel time data is assured, than it is poss-
ible to calculate momentum and sensible heat fluxes using the temperature and wind 
measurements at several height levels. The investigations show, that an averaging over 
a number of measurements of minimal 60 values is necessary to get an acceptable un-
certainty of the momentum and sensible heat fluxes (see Fig. 7 and 8). At least a 10% 
accuracy is achievable for measurements in an atmospheric surface layer with devel-
oped turbulence. Generally, the applicability of the used calculation method for mo-
mentum and heat flux (profile method) must be guaranteed for future measurements 
along acoustic paths within a length scale of 1 m. 
To capture all parts of the turbulent spectrum it is necessary to repeat the acoustic 
measurements with a high frequency of 1-10 Hz and to average the resulting data de-
pendent on the measurement height, the atmospheric stability, and the wind speed. For 
a height of 1 m and a wind speed of 2 m/s an averaging period of 10 min is adequate 
(van Boxel et al., 2004) to detect, on one side, the long-wave parts of the turbulent flux 
but, on the other side, to secure stationarity. 
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